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PREFACE 

The work reported herein was conducted by Flow Industries, Inc., 

21414 - 68th Avenue South, Kent, Washington, under Air Force Contract 

F40600-83-C-0003 with Arnold Engineering Development Center/PK, Air 

Force Systems Command, Arnold Air Force Station, Tennessee. The AEDC 

P r o j e c t  Manager f o r  t h i s  work  was Dr.  K e t t h  L. Kushman, AEDC/DOT. 

The r e p r o d u c i b l e s  used  i n  t h e  r e p r o d u c t i o n  o f  t h i s  r e p o r t  were  

s u p p l i e d  by  the  a u t h o r .  
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1.0 INTRODUCTION 

Wall i n t e r f e r e n c e  e f f e c t s  a r e  a l i m i t i n g  f a c t o r  on the  a c c u r a c y  o f  d a t a  

o b t a i n e d  from t r a n s o n i c  wind t u n n e l  t e s t s .  C l a s s i c a l  l i n e a r  t h e o r y  1 and 

m o d i f i c a t i o n s  t o  t h i s  t h e o r y  2-5 p r o v i d e  an i n s i g h t  i n t o  the  n a t u r e  o f  t h e s e  

e r r o r s .  However, s u f f i c i e n t l y  a c c u r a t e  e s t i m a t e s  f o r  p r a c t i c a l  use  a r e  not  

o b t a i n a b l e  from l i n e a r  t h e o r y .  Kemp 6J7 f o r m u l a t e d  a p r o c e d u r e  t h a t  u s e s  

n o n l i n e a r  t r a n s o n i c  computer  codes  t o  de t e rmine  Math number and a n g l e - o f -  
8 

a t t a c k  c o r r e c t i o n s .  Murman made improvements in  Kemp's f o r m u l a t i o n  and 

conduc ted  a s e r i e s  o f  t w o - d i m e n s i o n a l  a i r f o i l  s i m u l a t i o n s  t o  show t h a t  w a l l  

i n t e r f e r e n c e  c o r r e c t i o n s  a r e  p o s s i b l e  f o r  s t r o n g l y  s u p e r c r i t i c a l  f l o w s .  Rizk 

and Murman 9 ex tended  the  approach  o f  Kemp to  p r a c t i c a l  t h r e e - d i m e n s i o n a l  

g e o m e t r i e s .  They deve loped  a computer  code ,  TUNCOR, which e s t i m a t e s  wind 

t u n n e l  w a l l  i n t e r f e r e n c e  c o r r e c t i o n s .  The purpose  o f  t h i s  r e p o r t  i s  t o  

d e s c r i b e  m o d i f i c a t i o n s  t o  code TUNCOR t h a t  i n c r e a s e  i t s  a c c u r a c y  and a l l ow  it 

t o  be c o m p a t i b l e  w i th  t he  AEDC 1T wind t u n n e l  measurement sys tem geomet ry .  

In  a d d i t i o n  t o  Rach number and a n g l e - o f - a t t a c k  c o r r e c t i o n s ,  the  t r a n s o n i c  

c o r r e c t i o n  p r o c e d u r e  used in  code TUNCOR p r o v i d e s  an e s t i m a t e  o f  the  a c c u r a c y  

o f  t he  c o r r e c t i o n s .  L i f t ,  p i t c h i n g  moment and p r e s s u r e  measurements  nea r  the  

t u n n e l  w a l l s  a r e  r e q u i r e d .  The c o r r e c t i o n  p r o c e d u r e  may be d i v i d e d  i n t o  two 

s t e p s .  In  t he  f i r s t  s t e p ,  t he  f low about  the  t e s t  model i s  s i m u l a t e d  n u m e r i -  

c a l l y  u s i n g  the  p r e s s u r e  measurements  nea r  the  t u n n e l  w a l l s  as  boundary  

c o n d i t i o n s .  An i n v i s c i d  t r a n s o n i c  f low code i s  used f o r  t h i s  p u r p o s e .  I n  

t h i s  s t e p  the  wing and t a i l  a n g l e s  of a t t a c k ,  OT, w and OT, t ,  a re  de t e rmined  

such t h a t  the  c a l c u l a t e d  l i f t  and p i t c h i n g  moment o f  the  s i m u l a t e d  model a r e  

equa l  t o  the  measured l i f t  and p i t c h i n g  moment, r e s p e c t i v e l y .  The a n g l e s  o f  

a t t a c k  oT, w and oT, t w i l l  g e n e r a l l y  be d i f f e r e n t  from the  e x p e r i m e n t a l  v a l u e s  

Qe,w a n d a e , t "  Th i s  i s  due t o  the  v i s c o u s  e f f e c t s  p r e s e n t  in  the  exper imen t  but  no t  

in  t he  n u m e r i c a l  s i m u l a t i o n  o f  the  f low and to  g e o m e t r i c a l  d i f f e r e n c e s  between 

t he  t e s t  model and t he  s i m u l a t e d  model .  In  the  second s t e p ,  t he  f low abou t  

the  model i n  f r e e  a i r  i s  n u m e r i c a l l y  s i m u l a t e d .  A n g l e - o f - a t t a c k  c o r r e c t i o n s  

and a f r e e - s t r e a m  Hath number c o r r e c t i o n  a r e  de te rmined  such t h a t  the  c a l c u -  

l a t e d  model l i f t  and p i t c h i n g  moment match the  e x p e r i m e n t a l  v a l u e s  and the  

c a l c u l a t e d  M ach number d i f f e r e n c e  on the  model s u r f a c e  in  the  t u n n e l  and f r e e  

a i r  i s  min imized .  

A summary o f  the  c o r r e c t i o n  p r o c e d u r e  i s  g i v e n  in  F i g u r e  1. A d e t a i l e d  

d e s c r i p t i o n  o f  the  p r o c e d u r e  i s  g i v e n  in  Ref .  9.  
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(Meoo, Qe,w. ere,t) T 

Match calculated lift and pitching moment to ~ | "6 
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. . . . . . . . . .  " ' " ' " i  ,te'~, f i e  
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corresponding measured values• 

Match calculated free air wing and tail lift values 
to corresponding calculated tunnel values• 
Minimize difference between Mach numbers on 
model surface in tunnel and free air. 

Calculate corrections 

A M = M F o  o - M e o  o 

Aaw = ¢~F,w - aT.w 

A~t = ~ F , t -  aT,t 

1 
Apply corrections to data 

Mfoo = Meoo + AM 

af. w = CXe,w+ Aa w 

¢rf,t = @e.t + A~t  

Figure I. CoTrectlon procedure 
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2.0 SD~R4ARY OF MODIFICATIONS TO CODE TUNCOR 

The c o r r e c t i o n  p r o c e d u r e  r e q u i r e s  t he  n u m e r i c a l  s i m u l a t i o n  o f  t he  f low 

a b o u t  t he  t e s t  mode l .  I n  code  TUNCOR t h i s  s i m u l a t i o n  i s  a c h i e v e d  t h r o u g h  the  

n u m e r i c a l  s o l u t i o n  o f  the  t r a n s o n i c  s m a l l  d i s t u r b a n c e  e q u a t i o n .  The f o r m u l a -  

t i o n  upon which the  code  i s  ba sed  assumes  t h a t  p r e s s u r e  measu remen t s  a r e  made 

on t h e  b o u n d a r i e s  o f  a r e c t a n g u l a r  p a r a l l e l e p i p e d  w i t h  s i d e s  c l o s e  t o  the  

t u n n e l  w a l l s  bu t  o u t s i d e  t h e  boundary  l a y e r  r e g i o n  ( s e e  F i g u r e  2 ) .  I n  t h e  

f i r s t  s t e p  o f  t he  c o r r e c t i o n  p r o c e d u r e ,  t he  t r a n s o n i c  s m a l l  d i s t u r b a n c e  

e q u a t i o n  i s  t h e r e f o r e  s o l v e d  s u b j e c t  t o  t he  bounda ry  c o n d i t i o n s  a p p l i e d  on the  

b o u n d a r i e s  o f  t h e  r e c t a n g u l a r  p a r a l l e l e p i p e d .  A C a r t e s i a n  c o o r d i n a t e  s y s t e m  

i s  u s e d .  

In  t h e  AEDC IT t u n n e l ,  p r e s s u r e  measu remen t s  a r e  made on a c y l i n d r i c a l  

s u r f a c e  ( s e e  F i g u r e  3 ) .  C o n v e r s i o n  t o  c y l i n d r i c a l  c o o r d i n a t e s  i s  t h e r e f o r e  

n e c e s s a r y  t o  a l l o w  p r o p e r  n u m e r i c a l  s i m u l a t i o n  o f  the  t u n n e l  f l ow  s u b j e c t  t o  

t h e  measured  boundary  c o n d i t i o n s .  

Code TUSCOR c a l c u l a t e s  t he  f low in  t he  t u n n e l  s u b j e c t  t o  D i r i c h l e t  

bounda ry  c o n d i t i o n s  f o r  t h e  p e r t u r b a t i o n  v e l o c i t y  p o t e n t i a l  ~ on the  s i d e  

b o u n d a r i e s .  I t  i s  t h e r e f o r e  n e c e s s a r y  t o  c o n v e r t  t h e  measured  d a t a  i n t o  

bounda ry  c o n d i t i o n s  t h a t  a r e  a c c e p t a b l e  by t h e  code .  I n t e r p o l a t i o n  r o u t i n e s  

a r e  a l s o  added so  t h a t  bounda ry  c o n d i t i o n s  a t  the  c o m p u t a t i o n a l  mesh bounda ry  

p o i n t s  may be c a l c u l a t e d .  

F i n a l l y ,  improved a c c u r a c y  i s  o b t a i n e d  by r e p l a c i n g  the  t r a n s o n i c  s m a l l  

d i s t u r b a n c e  g o v e r n i n g  e q u a t i o n  and t h e  f i r s t - o r d e r  boundary  c o n d i t i o n s  by t h e  

f u l l  p o t e n t i a l  e q u a t i o n  and s e c o n d - o r d e r  boundary  c o n d i t i o n s ,  r e s p e c t i v e l y .  A 

d e t a i l e d  d e s c r i p t i o n  o f  the g o v e r n i n g  e q u a t i o n  and boundary  c o n d i t i o n s  is 

g i v e n  in  t h e  f o l l o w i n g  s e c t i o n .  
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Figure 2. Geometrical configuration used in the originnl TUNCOR code 
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3.0 GOVERNING EQUATIONS 

3.1  FLOW GOVERNING EQUATION 

or 

The f low i s  governed  by the  c o n t i n u i t y  e q u a t i o n  

V.(~L) f f i  o 

a a a 
(i) 

where the  v e l o c i t y  9 i s  e x p r e s s e d  in  te rms o f  the  p e r t u r b a t i o n  v e l o c i t y  p o t e n -  

t i a l  f u n c t i o n  ~ as  f o l l o w s :  

= V(x+~) 

and t h e  d e n s i t y  O f o r  an i s e n t r o p i c  f low i s  g iv en  by 

0 =  i + y _ !  2 "~ ~-i  2 M= (I - 

The small disturbance assumption made in Refo 9 a11ows expression (2) for 0 

t o  be expanded in  te rms o f  a t r u n c a t e d  b in o m ia l  e x p a n s i o n .  When t h i s  

e x p a n s i o n  i s  s u b s t i t u t e d  i n t o  Eq. ( 1 ) ,  t h e  t r a n s o n i c  sma l l  d i s t u r b a n c e  

e q u a t i o n  r e s u l t s .  The f u l l  e x p r e s s i o n  f o r  p g iv en  by Eq. (2)  i s  used in  the  

p r e s e n t  work.  

(2) 

3.2 MODEL BOUNDARY CONDITIONS 

For  a g e n e r a l  body wi th  a s u r f a c e  d e f i n e d  by  

B ( X s Y , Z )  = 0 

t he  boundary  c o n d i t i o n  s p e c i f y i n g  z e r o  f low th rough  the  body s u r f a c e  i s  g i v e n  

by 

9"VB = 0 

This  boundary  c o n d i t i o n  may be e x p r e s s e d  as  

~Y aY 
s ys ( v = UR + w R ~ -  on Y = X,Z) (3) 

10 
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and 
BZ BZ 
T ~  v s w=U +R ~¥ on Z ffi Zs(X,Y) (4) 

where t he  s u r f a c e s  

¥ = Y ( X , Z )  and  Z = Z ( X , Y )  $ $ 

s p e c i f y  s o l i d  b o u n d a r i e s .  

I t  i s  c o n v e n i e n t  t o  app ly  boundary  c o n d i t i o n s  on c o o r d i n a t e  s u r f a c e s  when 

t he  problem i s  s o l v e d  n u m e r i c a l l y .  For  s u r f a c e s  t h a t  d e v i a t e  s l i g h t l y  f rom 

t h e  c o o r d i n a t e  s u r f a c e  

Y f f i y  
O 

i t  i s  p o s s i b l e  t o  make the  f o l l o w i n g  T a y l o r  s e r i e s  e x p a n s i o n :  

(Pv) Iy 
=y 

0 

( O r )  IY = Y 
S 

~f Y=Ys 
(5) 

Using Eq. (3)  and Eq. (1)  t o  e x p r e s s  t h e  f i r s t  and second t e r m s ,  r e s p e c t i v e l y ,  

on the  r i g h t - h a n d  s i d e  o f  Eq. ( 5 ) ,  one g e t s  

(pv) t = ~ (~e )  (Y - yo ) y = y  s y f y  
O S 

+ ~ DwR) (Ys - Yo ) 
Y f f i y  

S 

(6)  

For  s u r f a c e s  t h a t  d e v i a t e  s l i g h t l y  from t h e  c o o r d i n a t e  s u r f a c e  

Z f f i Z  
O 

i t  i s  p o s s i b l e  t o  make the  f o l l o w i n g  T a y l o r  s e r i e s  e x p a n s i o n :  

Z = Z  Z = Z  0 8 

-(z-z) a(-i~9/I 
o ~Z Z 

÷ 0 I(ZS - ZO)21 

ffi Z 
S 

( 7 )  

11 



AEDC-TR-86-6 

Using  Eq. (4)  and Eq. ( i )  Co e x p r e s s  t he  f i r s t  and second  t e r m s ,  r e s p e c t i v e l y ,  

on t h e  right-hand s i d e  o f  Eq. (7), one gets 

Zo,]i (~R) I = -~ ~UR) (Z s - Z = Z 
Z = Z  O S 

+ ~ 0v) (Z s - Z ° Z = Z 
s 

÷ 0 [(Z - Zo)2 ] 

The usual assumption tha t  v a r i a t i o n s  in  the Z or  Y d i r e c t i o n s  are n e g l i g i b l e  

r e l a t i v e  to  v a r i a t i o n s  in  the X d i r e c t i o n  is  made here.  I t  i s  t he re fo re  

assumed that  Y and Z d e r i v a t i v e s  on the r l gh t -hand  s ides of  Eqs. (6) and (8) 

are O[(Y s - ¥o )2 ] and O[(Z s - Zo)2] ,  r e s p e c t i v e l y .  The boundary 

cond i t i ons  are the re fo re  

Ii ( pv )~ y  = Yo a'~ ( m R )  (Ys - To) y = y 
$ 

+ O[ ( ' s -  YO )2] 

(~R)tz  = Z o = ~  ~R) (Z e -  Z o) Z= Z 
s 

+ 0 [(Z fl - Zo )2] 

(8)  

(9) 

(10)  

The u s u a l  s m a l l  d i s t u r b a n c e  bounda ry  c o n d i t i o n s  a r e  d e r i v e d  by making  t h e  

f o l l o w i n g  T a y l o r  s e r i e s  e x p a n s i o n s :  

v t y  = y -- v ~  = y + o(y s - yo ) 
o s 

( ' R ) ~ z = z  = (w~)~z=z + ° ( z s - Z o )  o s 

and t h e n  s u b s t i t u t i n g  e x p r e s s i o n s  (3)  and (4)  f o r  v and w i n t o  t h e  above  

e x p a n s i o n s  a f t e r  s e t t i n g  U = I and n e g l e c t i n g  the  l a s t  t e rm  on t h e  r l g h t - h a n d  

s i d e  o f  Eqs .  (3 )  and ( 4 ) .  T h e r e f o r e ,  

and 

Vty = y = B a - ~  + ° (Ys  - Yo ) 

(a ~)Zs \ 
(v~)~z -- Zo = x ~ - ) l  Z = Z  s 

+ O(Z s - Z o) 

(11) 

(12) 

12 
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Boundary c o n d i t i o n s  (11)  and (12)  have  been  used  in  Ref .  9; however ,  t h e  more 

a c c u r a t e  c o n d i t i o n s  (9)  and ( I 0 )  a r e  used in  t h i s  work .  

I n  Ref .  9,  a C a r t e s i a n  c o m p u t a t i o n a l  mesh i s  used  in  t h e  c a l c u l a t i o n s .  

The s=a11 d i s t u r b a n c e  boundary  c o n d i t i o n s  f o r  t h e  wing and t a i l  a r e  a p p l i e d  on 

p l a n a r  mean s u r f a c e s  in  t h e  u s u a l  manner .  The body boundary  c o n d i t i o n s  a r e  

a l s o  a p p l i e d  on the  p l a n a r  s u r f a c e s  o f  a r e c t a n g u l a r  p a r a l l e l e p i p e d  ( s e e  

F i g u r e  4 ) .  The bounda ry  c o n d i t i o n s  a t  t h e s e  s u r f a c e s  a r e  g i v e n  by 

~¢P(x,  e) _ a~b(x, e) a sb(x~ e ) / a e  

aN an  sP(e)/a e 

where  s b ( x , e )  i s  t he  p a t h  l e n g t h  a l o n g  t h e  body c r o s s - s e c t i o n a l  c o n t o u r  a t  

s g i v e n  x s t a t i o n ,  sP (8 )  i s  t h e  c o r r e s p o n d i n g  p a t h  l e n g t h  a l o n g  the  p a r a l -  

l e l e p i p e d  c r o s s - s e c t i o n a l  c o n t o u r ,  n i s  t he  c o o r d i n a t e  in  t he  d i r e c t i o n  normal  

t o  t h e  body c o n t o u r ,  and N i s  t h e  c o o r d i n a t e  normal  t o  t h e  p a r a l l e l e p i p e d  

c o n t o u r  ( s e e  F i g u r e  5 ) .  R e l a t i o n  (13)  be tween  the  boundary  c o n d i t i o n  a p p l i e d  

on t h e  r e c t a n g u l a r  p a r a l l e l e p i p e d  and t h a t  a p p l i e d  on t h e  body s u r f a c e  i s  

chosen  to  match  the  mass  f l u x  i n t r o d u c e d  by the  two c o n d i t i o n s .  Le t  t h e  body 

c r o s s - s e c t i o n a l  c o n t o u r  a t  s t a t i o n  x be  d e f i n e d  by 

r = r b ( x , 8 )  

The v a l u e  o f  a s b ( x , 8 ) / S 8  can  t hen  be e x p r e s s e d  as  

8 s b ( x ,  8) _ r b 
86 b 

cos  ~) 

where 
b 

2 

and b i s  t h e  a n g l e  be tween  the  body c o n t o u r  and the  r a d i a l  d i r e c t i o n  as  

i n d i c a t e d  i n  F i g u r e  5.  

c o n t o u r  i s  d e f i n e d  by 

S i m i l a r l y ,  i f  t he  p a r a l l e l e p i p e d  c r o s s - s e c t i o n a l  

r = r P ( e )  

t h e n  the  v a l u e  o f  8sP(0) /SO i s  e x p r e s s e d  as  

~sP(e )  r p 
all O' 

C O S  

(13)  

13 
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Figure 4. Parallelopiped on which body boundary conditions are applied 
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~v~ y 

Cross Section 

Figure 5. Body and parallelopiped cross-sectional contours 
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where 

2 

and T p i s  the  angle between the  p a r a l l e l e p i p e d  con tour  and the  r a d i a l  

d i r e c t i o n  as i n d i c a t e d  in Figure  5. Boundary c o n d i t i o n  (13) app l i ed  a t  the 

p a r a l l e l e p i p e d  s u r f a c e  may then be r e w r i t t e n  as 

= ~ ( x , 0 ~ r  b ) ' r  b cos W n (14) 

aN ~n r p cos 

As i n d i c a t e d  in  Figure  4, the  r e c t a n g u l a r  p a r a l l e l e p i p e d  ex tends  over  the  

l eng th  of  the computa t iona l  domain. Boundary c o n d i t i o n  (14) i s  v a l i d ,  however, 

only in  the  i n t e r v a l  a long which the  body extends  ( i . e . ,  between Sec t ions  B and 

C). Beyond t h i s  i n t e r v a l ,  the  r i gh t -hand  s ide  of  Eq. (14) i s  r ep l aced  by ze ro .  

The co r respond ing  boundary c o n d i t i o n  fo rmula t ion  in c y l i n d r i c a l  

c o o r d i n a t e s  r e p l a c e s  the r e c t a n g u l a r  p a r a l l e l e p l p e d  by a c y l i n d e r  ( see  

Figure  6 ) .  Eq. (14) i s  app l i ed  in  the body r eg ion  between Sec t ions  B and C. 

Here the boundary c o n d i t i o n  reduces  to  

where r 
o 

8~(x '  B' r ° ) ~ r  = ~ rb 

r cos ~ O 

i s  the r ad i u s  of  the  c y l i n d e r  (see  Figure  7) .  I f  the  body i s  

n e a r l y  a x i s y n ~ e t r i c ,  i t s  c r o s s - s e c t i o n a l  con tours  w i l l  d e v i a t e  only s l i g h t l y  

from c i r c u l a r  c ross  s e c t i o n s  and, t h e r e f o r e ,  cos vb w i l l  be approx imate ly  

equal  to  u n i t y .  In t h i s  ca se ,  cos vb may be r ep l aced  by 1 in Eq. (15 ) .  

Upstream of  Sec t ion  B and do~rastream of  Sec t ion  C the c o n d i t i o n  

~ ( x ,  6, r o ) 
~r = 0 

i s  a pp l i e d .  

The a p p l i c a t i o n  o f  the  body boundary c o n d i t i o n s ,  in  the manner de sc r i bed  

above,  on a p a r a l l e l e p i p e d  or a c y l i n d e r  modi f ies  the  problem t h a t  was 

o r i g l n a l l y  to  be c a l c u l a t e d .  This  fo rmu la t i on ,  however, does s i m p l i f y  the 

numer ica l  c a l c u l a t i o n s  and i s  to  be viewed as a crude approximat ion  a l lowing  

the  i n t r o d u c t i o n  of  body e f f e c t s  i n t o  the problem wi thout  much complex i ty .  

Refinements t h a t  b e t t e r  approximate the o r i g i n a l  problem are  p o s s i b l e  and w i l l  

be b r i e f l y  de sc r i bed  below. F i r s t ,  however, a d e s c r i p t i o n  of  the modif ied  

model t h a t  cor responds  to  the above fo rmu la t i on  i s  g iven .  

(15) 
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Figure 6. Cylinder on which body boundary conditions are applied 
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The a p p l i c a t i o n  of the boundary cond i t i on  

~¢(x,O,r  o) 
~r = 0 

upstream of  Sect ion B and downstream of  Sect ion C corresponds to the i n t r o -  

duc t ion  of  a c y l i n d e r  in  these  r eg ions .  Therefore ,  the flow cannot p e n e t r a t e  

the  su r face  of  the c y l i n d e r .  This is in c o n t r a s t  to the o r i g i n a l  problem in 

which the flow i s  not r e s t r i c t e d  upstream or downstream of the body. In the  

body reg ion ,  between Sect ions B and C, the new formula t ion  corresponds to a 

change in the o r i g i n a l  body shape. In the new fo rmula t ion ,  the body becomes 

wrapped around the c y l i n d e r  as i nd ica t ed  in Figure 8. This would i n d i c a t e  

t ha t  as the c y l i n d e r  rad ius  reduces its e f f e c t s  in the body region and ou t s ide  

the  body reg ion  a l so  decrease .  

Assuming t h a t  the body def ined  by 

r = rb(x ,0)  

i s  nea r ly  axisyu~aetr ic ,  then the formula t ion  t h a t  inc ludes  the c y l i n d e r  of  

r ad ius  r ° w i l l  modify the boundary in the body region  so t ha t  i t  i s  given by 

r = rs(X,e)  = r x , e )  ÷ r ,  

This formula i n d i c a t e s  t h a t ,  as r ° approaches 0, the modif ied body approaches 

the  o r i g i n a l  body. S i m i l a r l y ,  in  the case of Car t e s i an  coo rd ina t e s ,  the modi- 

f l ed  body boundary i s  given by 

o r  

Y = Ys (x'°) = Yo 2(x' e) + r2(p 6) - rp(e)  1 

e) ÷ r : ( 0 ) -  rp(e)]  

cos ~P 

cos ~P 

Although not implemented in code TUNCOR, the fo l lowing  sugges t ions  which 
L 

give a b e t t e r  approximation to the o r i g i n a l  problem are b r i e f l y  d i scussed  

he re .  In the case of  Car t e s i an  coo rd ina t e s ,  the r e c t a n g u l a r  p a r a l l e l e p i p e d  

may be e l imina ted  upstream of  Sect ion  B and downstream of  Sec t ion  C. In t h i s  

case ,  one w i l l  apply the body boundary cond i t ions  on the s ides  of  the 

p a r a l l e l e p i p e d  in the  body reg ion .  This w i l l  b e t t e r  s imula te  the o r i g i n a l  

body. Another sugges t ion  i s  to  e l im ina t e  the r e c t a n g u l a r  p a r a l l e l e p i p e d  

19 
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u p s t r e a m  o f  S e c t i o n  B o n l y .  In  t h i s  c a s e ,  boundary  c o n d i t i o n s  can  be imposed 

downs t ream o f  S e c t i o n  C t o  model the  wake r e g i o n .  The same s u g g e s t i o n s  a p p l y  

t o  c y l i n d r i c a l  c o o r d i n a t e s ;  however ,  an a d d i t i o n a l  c o m p l i c a t l o n  o c c u r s  in  t h i s  

c a s e .  The g o v e r n i n g  e q u a t i o n  in  c y l i n d r i c a l  c o o r d i n a t e s  i s  s i n g u l a r  a t  t he  

a x i s  and ,  t h e r e f o r e ,  c a n n o t  be used  t o  f l n d  t h e  s o l u t i o n  t h e r e .  I n  t h i s  c a s e ,  

one may r e p l a c e  the  c y l i n d e r  o u t s i d e  the  body r e g i o n  by a c y l i n d e r  w i t h  a 

s m a l l  d i a m e t e r  t o  r e d u c e  i t s  e f f e c t s  t h e r e ,  o r  e l s e  one would be r e q u i r e d  to  

s o l v e  the  g o v e r n i n g  e q u a t i o n  on the  a x i s  in  C a r t e s i a n  c o o r d i n a t e s  w h i l e  

s o l v i n g  i t  e l s e w h e r e  in  c y l i n d r i c a l  c o o r d i n a t e s .  The m o d i f i c a t i o n s  s u g g e s t e d  

above  w i l l  i n c r e a s e  t he  a c c u r a c y  o f  s i m u l a t i n g  the  body ;  however ,  t h e y  would 

a l s o  i n c r e a s e  t he  c o m p l e x i t y  o f  s o l v i n g  the  e q u a t i o n s .  

21 
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4.0 FINITE DIFFERENCE EQUATIONS 

The s o l u t i o n  of t he  g o v e r n i n g  e q u a t i o n  s u b j e c t  t o  t h e  s p e c i f i e d  boundary  

c o n d i t i o n s  i s  found n u m e r i c a l l y .  T h e r e f o r e ,  a mesh o f  d i s c r e t e  p o i n t s  

(Xi,YJ,z k) with mash spacings AX, AY, AZ is defined in the 

computational domain w i t h  

l < i < I  

l £ j ~ J  

l < k < K  

Al l  Neumann boundary  c o n d i t i o n s  a r e  a p p l i e d  on h a l f - m e s h  c o o r d i n a t e  s u r f a c e s  

( i . e . ,  Y ffi y j+ t l /2J"  " " " o r  Z ffi --Zk+(1/2)). We s h a l l  r e f e r  t o  mesh p o i n t s  

n e i g h b o r i n g  boundary  s u r f a c e s  by boundary  n e i g h b o r  mesh p o i n t s .  O the r  mesh 

p o i n t s  away from b o u n d a r i e s  a r e  r e f e r r e d  t o  as  i n t e r i o r  mesh p o i n t s .  

D i s c r e t i z i u g  Eq. (1)  a t  t he  i n t e r i o r  mesh p o i n t  ( i , j , k )  l e a d s  t o  t h e  

f o l l o w i n g  f i n i t e  d i f f e r e n c e  e q u a t i o n :  

= 0  

This equation may be rewritten as 

ab . ~ .  + ob . . l 
~-~ (0uR) x 2 ,J ,  k ~ ( 0 v ) ~ ' J + ~  'k 

~b 1 
+ ~ -  ( ~ x ) i ' J ' k + ~  = 0 

~b ~b ab 
where ~-~ '  ~Y ' ~Z d e n o t e  backward d i f f e r e n c e  q u o t i e n t s .  

The f i n i t e  d i f f e r e n c e  a p p r o x i m a t i o n  to  the  g o v e r n i n g  e q u a t i o n  a t  a mesh 

p o i n t  ( i , j , k )  n e i g h b o r i n g  t he  c o m p u t a t i o n a l  boundary  

Y f f i y  
o 

(16)  
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is given by Eq. (16). However, now (Or) i'j+(1/2)'k in this equation is 

r e p l a c e d  by the  f i n i t e  d i f f e r e n c e  approx ima t ion  to  Eq. ( 9 ) ,  where 

y = y i , j , k  + 1 
o - ~ Y  

S i m i l a r l y ,  t h e  f i n i t e  d i f f e r e n c e  app rox ima t ion  to  the  gove rn ing  e q u a t i o n  a t  a 

mesh p o i n t  ( i , j , k )  n e i g h b o r i n g  the  c o m p u t a t i o n a l  boundary  

Z=Z 
o 

is given by Eq. (16). However, now (paR) i'j'k+(1/2) in this equation is 

replaced by the finite difference approximation to Eq. (10), where 

Z i , 1 z ffi j,k +7~Z 
0 

The f i n i t e  d i f f e r e n c e  app rox ima t ion  t o  the  gove rn ing  e q u a t i o n  a t  a g e n e r a l  

mesh p o i n t  ( i , j , k )  may be w r i t t e n  as 

RCl+oy +%)  +pj,k 

+ ob . . I ~b . . + I 
(pv ~y)~,a+~,k ÷ ~ (~R ~z )~'J 'k 

ffi 0 ( 1 7 )  

where the  v a l u e  of  ~ + ( 1 / 2 ) , j , k  i s  ze ro  u n l e s s  the  mesh p o i n t  ( X I + ( 1 / 2 ) , y J , z  k)  

n e i g h b o r s  the  c o m p u t a t i o n a l  boundary 

Y = Y  o 

in  which c a s e  Y - Y  I o y j = y  + 1 
• I SAY ' o ~AY 

O~+~ ' J 'k  = YS - YO y j  1 

or  the mesh poin t  ( X i + ( 1 / 2 ) , y J , z  k) neighbors  the  computat ional  boundary 

Z = Z  
o 
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in  which case  
R Z - Z  
R S s_A z o z k = z ° + ~ ~z 

• I . S 

a~+2" ] ' k  = Rs Z s -  Zo Z k 1 
~z ' Z o -  ~ ez 

The v a l u e s  of  my and ~Z a re  1 excep t  on c o mp u t a t l o n a l  bounda r i e s  normal t o  t he  

Y and Z c o o r d i n a t e s ,  r e s p e c t i v e l y ,  where t hey  are  z e r o .  

F i n a l l y ,  w r i t i n g  Eq. (17) in  terms o f  t he  p e r t u r b a t i o n  p o t e n t i a l  $ w i t h  

and making the  t r a n s f o r m a t i o n s  

U = I + %  x 

1 

w = ~Z 

= ~(x) 

n = n(z) 

w i t h  the o b j e c t i v e  o f  u s i n g  a s t r e t c h e d  mesh away from the  aerodynamic  model 

( a t  the  model ~ = X, ~ = Y, ~ = Z) ,  t he  f o l l o w i n g  i s  the  r e s u l t i n g  

e q u a t i o n  

[ ,i .1 ~b R _ ~  Ux ( I a¥ a z ~ n z  . + + ~*-/, j k 

ab ~or~ ae~. r~ -- o (18) 
+ ~X~y an 

~c ~c ~c 
where ~ , ~ , ~-~ denote centered di f ference quotients and ~ is the density 

m o d i f i e d  by the  a r t i f i c i a l  v i s c o s i t y  r e q u i r e d  f o r  the  s t a b i l i t y  o f  the  

d i f f e r e n c e  scheme. 
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The above  m o d i f i c a t i o n s  have  been  i n t r o d u c e d  i n t o  compu te r  code  TUNCOR 

( s e e  t h e  a p p e n d i x ) ,  which p r e d i c t s  Mach number and a n g l e - o f - a t t a c k  c o r r e c t i o n s  

f o r  wind t u n n e l  m o d e l s .  The code has  been  s u b m i t t e d  t o  AEDC where  i t  i s  

p r e s e n t l y  b e i n g  t e s t e d .  

25 



AEDC-TR-86-6 

REFERENCES 

1. Garner ,  H.C.,  e t  a l .  "Subsonic Wind Tunnel C o r r e c t i o n s . "  AGARDograph 
109, October  1966. 

2. Mokry, M., and Ohman, L.H. "Application of the Fast Fourier Transform 
to Two-Dimensional Wind Tunnel Wall Interference." J. Aircraft, Vol. 17, 
June 1980, pp. 402-408. 

3. Mokry, M. "Subsonic Wall Interference Corrections for Finite Length Test 
Sections Using Boundary Pressure Measurements." Paper I0, AGARD Fluid 
Dynamics Panel Specialists' Meeting on Wall Interference in Wind Tunnels, 
May 1982. 

4. Rizk, M.H., and Smlthmeyer, M.G. "Wind-Tunnel Wall Interference Corrections 
for Three-Dimensional Flows." J. Aircraft, Vol. 19, June 1982, pp. 465- 
472. 

5. Rizk, M.H. "Higher-Order Flow Angle Corrections for Three-Dimensional Wind 
Tunnel Wall Interference." J. Aircraft, Vol. 19, October 1982, pp. 893- 
895. 

6. Kemp, W.B., Jr. "Toward the Correctable-Interference Transonic Wind 
Tunnel." AIAA 9th Aero Testing Conference, 1976, pp. 31-38. 

7. Kemp, W.B., Jr. "Transonic Assessment of Two-Dimenslonal Wind Tunnel 
Wall Interference Using Measured Wall Pressures." NASA CP 2045, 1979. 

8. Murman, E.M. "A Correction Method for Transonic Wind Tunnel Wall Inter- 
ference." AIAA Paper 79-1533, July 1979. 

9. Rizk, M.H., and Murman, E.M. "Wind Tunnel Wall Interference C~rrections 
for Aircraft Models in the Transonic Regime." Report No. 244, Research 
and Technology Division, Flow Industries, Inc., Kent, WA, September 1982. 

26 



AEDC-TR-86-6 

APPENDIX A 

COMMENTS ABOUT COMPUTER CODE TUNCORC 

Code TUNCOR ( R e f .  9) has  been d e v e l o p e d  to evaluate wind tunnel wall 

i n t e r f e r e n c e  c o r r e c t i o n s  f o r  t h r e e - d i m e n s i o n a l  a i r c r a f t  ( w i n g - b o d y - t a i l )  

c o n f i g u r a t i o n s .  The m o d i f i e d  v e r s i o n  of  t h i s  code (TUNCORC) a l l o w s  the  o p t i o n  

o f  u s i n g  a c y l i n d r i c a l  c o o r d i n a t e  s y s t e m  in  a d d i t i o n  t o  t he  o r i g i n a l  C a r t e s i a n  

c o o r d i n a t e  o p t i o n .  A l s o ,  code  TUNCORC a l l o w s  t h e  use  of  t he  f u l l  p o t e n t i a l  

e q u a t i o n  w i t h  s e c o n d - o r d e r  boundary  c o n d i t i o n s  in  a d d i t i o n  to  t he  o r i g i n a l  

o p t i o n  o f  u s i n g  the  s m a l l  d i s t u r b a n c e  e q u a t i o n  w i t h  f l r s t - o r d e r  bounda ry  

c o n d i t i o n s .  F i n a l l y ,  code TUNCORC i n c l u d e s  s u b r o u t i n e s  t h a t  t r a n s f o r m  t h e  

measured  p r e s s u r e  d a t a  (on e i t h e r  a c y l i n d r l c a l  s u r f a c e  or  p l a n a r  s u r f a c e s )  t o  

t he  c o r r e s p o n d i n g  p o t e n t i a l  f u n c t i o n  a t  t he  c o m p u t a t i o n a l  bounda ry  f o r  u se  in  

s o l v i n g  the  t u n n e l  boundary  v a l u e  p r o b l e m .  The code e v a l u a t e s  Mach number and 

a n g l e - o f - a t t a c k  c o r r e c t i o n s  by the  t h e o r y  d e v e l o p e d  in  Ref .  9 and in  t he  main  

t e x t  o f  t h i s  r e p o r t .  Code TUNCORC i n c l u d e s  a u s e r ' s  manua l .  The c o l n e n t s  

g i v e n  h e r e  a r e  no t  i n t e n d e d  t o  g i v e  a c o m p l e t e  d e s c r i p t i o n  o f  t he  c o d e ;  

however ,  t h e y  complement  t he  u s e r ' s  manual  i n c l u d e d  in  code TUNCORC. 

Code TUNCORC u s e s  a s i m p l e  C a r t e s i a n  ( o r  c y l l n d r i c a l )  c o m p u t a t i o n a l  mesh .  

The mesh p o i n t  c o o r d i n a t e s  a r e  (X i ,  YJ,  Z k) where  

i = 1, 2,  . . . , I 

j = I ,  2, • • • , J 

k = I ,  2, • • • , K 

The c o m p u t a t i o n a l  mesh i s  u n i f o r m  i n s i d e  a r e c t a n g u l a r  p a r a l l e l e p i p e d  ( o r  

c y l i n d e r )  e n c l o s i n g  the  mode l .  O u t s i d e  the  p a r a l l e l e p i p e d  ( o r  c y l i n d e r ) ,  t he  

mesh i s  s t r e t c h e d .  The model s u r f a c e  boundary  c o n d i t i o n s  a r e  a p p l i e d  on h a l f -  

mesh p l a n a r  s u r f a c e s  ( i . e . ,  X = X i + ( 1 / 2 )  o r  Y = y j + ( I / 2 )  o r  Z = --ZK+(I/2)).  

T h i s  r e q u i r e s  a nmaber  o f  m o d i f i c a t i o n s  t o  t he  i n p u t  g e o m e t r i c a l  model c o n f i g -  

u r a t i o n .  I n  o t h e r  words ,  due t o  t he  s i m p l i c i t y  o f  t he  c o m p u t a t i o n a l  mesh,  t he  

f low i s  g e n e r a l l y  computed abou t  a modified model  t h a t  d i f f e r s  s l i g h t l y  f rom 

t h e  i n p u t  mode l .  A d i s c u s s i o n  o f  the  n a t u r e  of  t h e s e  m o d i f i c a t i o n s  i s  g i v e n  

i n  t h i s  a p p e n d i x .  

The u s e r  h a s  t h e  f r eedom t o  s p e c i f y  t he  mesh s p a c i n g s  AY and AZ. The mesh 

s p a c i n g  AX, however ,  c a n n o t  be  a r b i t r a r i l y  s p e c i f i e d  i f  t he  sweep a n g l e  o f  

t he  wing l e a d i n g  edge  ~w i s  n o n z e r o .  The mesh s p a c i n g  AX i s  r e s t r i c t e d  t o  

AX = ~uAZ t an  ~w ' n = I ,  2, • . . 
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This restriction on AX allows the wing leading edge to pass through the mid- 

p o i n t  between neighboring mesh points in the X direction as shown in Figure A-I. 

In  t h e  c a s e  o f  a l e a d l n g - e d g e  sweep a n g l e  o f  z e r o ,  the  u s e r  may s p e c i f y  ~X. 

Once AX i s  d e t e r m i n e d ,  t he  t a i l  l e a d i n g  edge  i s  r e s t r i c t e d  t o  one o f  the  

following sweep angles. 

T h e r e f o r e ,  t h e  code, w i l l  a d j u s t  t h e  i n p u t  sweep a n g l e  e t t o  the  c l o s e s t  

a11owable  v a l u e  ~ t"  The t a l l  i s  a l s o  d i s p l a c e d  in  t h e  Z d i r e c t i o n  so  t h a t  i t s  

b a s e  l i e s  on t h e  p a r a l l e l e p i p e d  ( o r  c y l i n d r i c a l )  s u r f a c e  on which the  body 

boundary  c o n d i t i o n  i s  a p p l i e d  ( s e e  F i g u r e  A - I ) .  Th i s  p a r a l l e l e p i p e d  i s  s p e c i -  

f i e d  by t h e  u s e r ;  however ,  t h e  p a r a l l e l e p i p e d  a l s o  i s  m o d i f i e d  so  t h a t  i t s  

p l a n e s  l i e  a t  t h e  m i d - d i s t a n c e  be tween  two n e i g h b o r i n g  mesh p l a n e s .  

As p a r t  o f  t h e  o u t p u t ,  t h e  code p r i n t s  any a d j u s t e d  v a l u e  and the  c o r r e s -  

pond ing  input value. 

The i n p u t  d a t a  a r e  shown be low f o r  t he  c a l c u l a t e d  example .  In  t h i s  

example ,  a l l  d i m e n s i o n s  a r e  e v a l u a t e d  in  i n c h e s .  The u s e r ,  however ,  h a s  t h e  

f r eedom of  c h o o s i n g  the  l e n g t h  u n i t s .  P r e s s u r e  measu remen t s  in  t h e  wind 

t u n n e l  a r e  g i v e n  in  t h e  i n p u t  d a t a  in  t e rms  o f  the  c o r r e s p o n d i n g  p r e s s u r e  

c o e f f i c i e n t s .  The measured  l i f t  XLFTE and t h e  measured  moment XMOME a r e  

n o r m a l i z e d  by the  t o t a l  p r e s s u r e ,  so  t h a t  XLFTE and XMOME have  the  d i m e n s i o n s  

( u n i t  l e n g t h )  2 and ( u n i t  l e n g t h )  3, r e s p e c t i v e l y .  The model l i f t  

n o r m a l i z e d  by the  t o t a l  p r e s s u r e  i s  g i v e n  by 

V--- _X_ 
o model (i + ~ M2) V ' l  

sur face 2 

n ° k  dS 

A M  

while the model lift normalized by DmUm is given by 

- f L +~-I M y-I 
2 i 

P~Uoo "f oo model 1 + y-I M 2 
surface 2 

n ' k  dS 

The f i r s t  express ion i s  used in  the code s ince i t  i s  independent o f  f ree-s t ream 

cond i t i ons  (Moo). 
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NOMENCLATURE 

E L 

E 
m 

E M 

E 
G,t 

E~ w = 

k = 

L 

A 

L = 

m = 

M = 

n = 
N 

P 

P 
o 

R = 

UsVjW = 

U = 

x,y,z -- 

= L T , d ( P ~ )  - Le ,  d 

Le ,d 

= mT,d(P~4)) - me, d 
m e , d  

/ (M F - MT)2 ds 

. L F , t ( P ; ~ )  - L T , t ( p ;  ~) 

LT,t(~;$) 
LF,w(P;#) - LT,w(p;~) 

~,w(~;$ ) 
u n i t  v e c t o r  v e r t i c a l l y  upward 

= lift/~ 

l i f t  

p i t c h i n g  moment abou t  the  a x i s  x = x / P  ° 

Nach number 

u n i t  v e c t o r  normal  t o  model s u r f a c e  

= c~ ~T,t ) j W ~ 

--%®' ~,w' ~F,t ) 
= t o t a l  p r e s s u r e  

= v e l o c i t y  n o r m a l i z e d  by f r e e - s t r e a m  v e l o c i t y  magni tude  

~I , C a r t e s i a n  c o o r d i n a t e s  
{r , c y l i n d r i c a l  c o o r d i n a t e s  

p e r t u r b a t i o n  v e l o c i t y  components  n o r m a l i z e d  by f r e e - s t r e a m  
v e l o c i t y  magnitude in X,Y,Z d i r e c t i o n s  

I + u 

/ 

v e l o c i t y  component in  t he  X d i r e c t i o n  

C a r t e s i a n  c o o r d i n a t e  sys tem 
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x , e , r  = c y l i n d r i c a l  c o o r d i n a t e  s y s t e m  

X 
m 

X 

¥ 

Z 

= x c o o r d i n a t e  o f  a x i s  a b o u t  w h i c h  t h e  mode l  p i t c h i n g  moment i s  m e a s u r e d  

= X 

=IY 
te 
Iz 

= I t  

, C a r t e s i a n  c o o r d i n a t e s  
, c y l i n d r l c a l  c o o r d i n a t e s  

, C a r t e s i a n  c o o r d i n a t e s  
, c y l i n d r i c a l  c o o r d i a t e s  

= a n g l e  o f  a t t a c k  

= r a t i o  of s p e c i f i c  h e a t s  

~q = Mach number  c o r r e c t i o n  

Aa = a n g l e - o f - a t t a c k  c o r r e c t i o n  

P 

P 

= d e n s i t y  n o r m a l i z e d  by f r e e - s t r e a m  d e n s i t y  

= d e n s i t y  

= p e r t u r b a t i o n  v e l o c i t y  p o t e n t i a l  f o r  t h e  t u n n e l  f l o w  

= p e r t u r b a t i o n  v e l o c i t y  p o t e n t i a l  f o r  t h e  f r e e - a l r  f l o w  

S u b s c r i p t s  

d 

e 

f 

¥ 

M 

S 

t 

T 

W 

= mode l  

= m e a s u r e d  q u a n t i t y  o r  e x p e r i m e n t a l  c o n d i t i o n  

= c o r r e c t e d  c o n d i t i o n  

= c a l c u l a t e d  q u a n t i t y  f o r  t h e  mode l  i n  an  i n v i s c l d  f r e e - a i r  f l o w  

= Mach number  

= m o d e l  s u r f a c e  

= t a i l  

= c a l c u l a t e d  q u a n t i t y  f o r  t h e  mode l  i n  an  i n v i s c i d  t u n n e l  f l o w  

= w i n g  

= u n d i s t u r b e d  c o n d i t i o n  
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